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Analysis of Time Dependent Electric Field
Degradation in AlGaN/GaN HEMTs
Michael D. Hodge, Eric R. Heller, Ramakrishna Vetury, and Jeffrey B. Shealy

Abstract— The authors report on an electrical and optical
analysis of AlGaN/GaN HEMTs stressed under high electric
field conditions into a state of permanent degradation, evidenced
by an increase in OFF-state leakage current and a reduction
in breakdown voltage. A method of stress testing AlGaN/GaN
HEMTs to voltages close to breakdown while protecting the
device from catastrophic failure is presented. Using this stress
method, a detailed study was performed to observe device
degradation that limits safe operation in the OFF-state. Electrical
analysis reveals that quantitatively the Schottky properties of the
gate diode are degraded by the stress and suggests a localized
defect. An optical analysis confirms localized degradation via
electroluminescence (EL) spots on the stressed side of the gate
finger. It is shown that the dominant EL site in the degraded
device may be observed prior to the application of stress. Finally,
it is confirmed that the localized EL emission of the stressed
device is the dominant gate leakage path via thermal imaging.
These results suggest a method for identifying and understanding
the failure mechanisms that limit the safe operating area of GaN
HEMTs.

Index Terms— Aluminum gallium nitride, gallium nitride,
HEMTs, semiconductor device reliability, transistors.

I. INTRODUCTION

A lGaN/GaN HEMTs have made major strides in recent
years toward achieving widespread adoption in a variety

of high power and high frequency applications. A complete
understanding of failure mechanisms that limit the safe oper-
ating area (SOA) of GaN devices provides the means of
unlocking additional capability of GaN technology needed
for many emergent applications of GaN devices in power
electronics and RF switches, in addition to the RF power
amplifiers.

Two main mechanisms have been proposed in literature
limiting device lifetimes when exposed to low-power high
electric field stress. Initial reports proposed the existence of
a critical voltage that when exceeded, leads to the formation
of a crack or pit in the crystal due to mechanical stress
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resulting from the inverse piezoelectric effect [1]–[6]. Since the
publication of the inverse piezoelectric effect, many authors
have reported that device degradation in the presence of high
electric fields has a significant time dependence. This time
dependence presents complications in a simple inverse piezo-
electric effect driven model [7]–[11]. More recently, Marcon
et al. [12] have postulated that the time-dependent degradation
mechanism results from the formation of percolation paths that
are created in the AlGaN barrier. This percolation mechanism
is proposed to be similar to the mechanism observed in time-
dependent dielectric breakdown of capacitors.

In this paper, a method of stress is proposed that allows a
device to be stressed close to permanent breakdown, beyond
the recommended safe operating limits of the process, without
catastrophically destroying the device, so that it may be
examined for root cause effects. This method was performed
on devices fabricated using a commercially available and
qualified AlGaN/GaN HEMT fabrication process [13]. The
devices were then stressed close to catastrophic breakdown and
characterized for parametric shifts due to stress. An electrical
analysis of device characteristics over temperature is presented
that points to degradation in the Schottky properties of the gate
diode with stress. Furthermore, this analysis suggests that gate
diode degradation is localized within the gate periphery and
is the limiting aspect of device breakdown after stress. Also
presented is an optical analysis as the device degrades with
stress. This analysis confirms that the degradation to the device
gate diode is localized due to the formation of a localized
electroluminescence (EL) emission site when biased in the
OFF-state after stress, in agreement with [9]. It is reported that
EL emission is also present in the unstressed device at the site
of OFF-state EL emission post stress, suggesting the possibility
that weak areas along the gate finger may be observed prior to
stress. Finally, it is confirmed that the localized EL emission
site after stress corresponds to the region of increased gate
leakage observed via thermal imaging.

II. EXPERIMENT

A. Device Details

The AlGaN/GaN HEMTs on SiC substrates in this work
were grown by metal-organic chemical vapor deposition and
fabricated using a process that was qualified for commercial
production [13]. However, the device in this paper used an
experimental layout that deviated from the qualified layout
in two key areas. First, the gate-to-drain and gate-to-source
contact spacing was minimized to create a device with the

0018-9383 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. AlGaN/GaN HEMT device cross section schematic with key
dimensions labeled.

lowest breakdown voltage possible. This allowed the device to
be stressed with a semiconductor parametric analyzer (SPA),
capable of accurate measurement of leakage current during
stress. Second, the source-connected field plate was removed
in this layout so that optical analysis was feasible close to the
edge of the gate contact. The devices had gate periphery (Wg)
of 100 μm and a gate length (Lg) of 0.5 μm. The devices
had the same gate-to-drain distance as the gate-to-source
(Lgs = Lgd = 1.3 μm). A gate field plate was present as a
consequence of processing the device T-gate. A representation
of the channel cross section, with key dimensions labeled,
is shown in Fig. 1. On resistance (RON) was measured as
1.9 �mm, drain current at Vgs = 0 V (Idss) was 670 mA/mm,
and max drain current (Idmax) measured as 1050 mA/mm.

B. Electrical Stress

Studying semiconductor devices under high electric field
conditions, especially near breakdown is challenging due to
potential electrical over-stress (EOS) events that can lead
to instantaneous catastrophic breakdown of the device. The
extensive damage done to a device that experiences an EOS
event prevents useful failure analysis. Therefore, to understand
how devices fail under high electric field conditions it becomes
imperative to develop a stress method that can degrade the part
gradually so that the device may be studied at the conclusion
of stress.

We explain the detail and motivation for the stress method-
ology as follows. The SPA was set to forced drain current
mode. The drain voltage compliance was set at a desired value.
In a constant forced current stress mode, the SPA continuously
increases the applied drain voltage in an attempt to reach the
set forced current. If the set value of the forced current is
higher than the maximum leakage for a given device, the drain
voltage reaches the compliance value before the drain leakage
current attains the set value of forced current. Once drain
voltage compliance is reached, the drain voltage is held fixed at
the compliance limit by the instrument, effectively converting
a constant current stress into a constant voltage stress. In this
manner, the compliance voltage of the test becomes the set
point of the voltage stress and is hence a key parameter of the
test.

In the event of a device failure during stress, the maximum
leakage current that can be forced through the device is limited
to the constant current set value. If this set value is fixed
slightly higher than the anticipated maximum leakage current
of any particular device and then the drain compliance voltage
is adjusted to the desired value, then the device can safely

Fig. 2. Leakage currents measured at both the drain and gate terminals
during stress. Both Id and |Ig | are nearly identical, indicating all leakage in
the device is from gate to drain. Inset image shows the plot on a different
scale to clearly show the recovery of leakage current at each characterization
point.

be stressed at the desired voltage for an extended duration,
without the risk of an EOS event. Controlling the drain in
this way is superior to gate control in a similar fashion. This
manner of control will protect the FET from catastrophic
damage from either a sudden EOS failure due to an additional
gate to drain current pathway or failure due to an additional
source to drain current pathway. Control of the gate current
only guards against an EOS event from drain to gate.

This technique was utilized in this paper to hold the device
close to breakdown and therefore accelerate the degradation
mechanism while at the same time preventing an EOS event.
The gate bias was held at Vgs = −10 V and the induced drain
bias was set to Vds = 120 V. The device was stressed in 4–8 h
intervals with a characterization step between each interval.
The stress intervals were set to 8 h initially as minimal change
was observed. Once degradation was observed intervals were
shortened to collect more characterization data. The entire
stress was conducted at room temperature.

After every stress interval, the device breakdown voltage
was characterized via a three-terminal breakdown measure-
ment. During this characterization, the bias conditions were,
Vgs = −10 V and Vds was swept from 0 to 125 V. The drain
compliance was set to 100 μA/mm that stopped the test if this
value was reached.

C. Electrical Degradation

A plot of the drain (Id ) and gate (Ig) terminal leakage
currents during the stress of a representative device are shown
in Fig. 2. Note that both gate and drain current are of
similar magnitude, indicating the leakage current is dominated
by drain to gate leakage, while drain to source leakage is
negligible.

The leakage characteristics during stress behaved as
reported in [11] using devices from this process. During the
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Fig. 3. Plot of three-terminal breakdown characterization that was performed
at multiple intervals during the stress test of the device shown in Fig. 2. The
numbering denotes the stress interval prior to the OFF-state characterization.

initial application of stress, the device undergoes walk-out
during which the leakage current drops and breakdown voltage
is enhanced. After a sufficient period of stress time, the device
begins rapidly degrade and enters walk-in evidenced by an
increase in leakage current and decrease in breakdown voltage.

The changes to the device during the walk-out phase are
recoverable, as shown by the increase in leakage current after
resuming stress at each stop/start point in the inset image of
Fig. 2. This suggests the mechanism is due to surface trapping
phenomenon.

During the walk-in phase, the changes to the device are
irreversible suggesting that permanent damage has been caused
to the device. This is observed in Fig. 2 after 245 h of
stress time the leakage current of the device begins to rapidly
increase. The electrical stress for all devices was concluded
after the leakage current reached 500 μA/mm. This stop
point was chosen to ensure that the sufficient degradation had
occurred in the device so that subsequent analysis of the device
would produce measurable results.

A plot of the breakdown voltage characterization is shown
in Fig. 3. In this figure, only a subset of the characterizations
are shown to illustrate the evolution in the breakdown with
stress. During the walk-out portion, the breakdown voltage
is enhanced and the leakage current decreased from the
initial curve to first and eighth characterization points. The
breakdown characterizations after the eighth point represent an
increase in device leakage current and reduction in breakdown
voltage that corresponds to walk-in.

III. ELECTRICAL ANALYSIS

Electrical characterization of the stressed device at each
stop point over temperature was analyzed for insight into
the observed walk-in degradation. To study this phenomenon,
a characterization of the gate diode was performed over
temperature at three different time periods. The initial charac-
terization was done prior to application of stress. The walk-out

Fig. 4. Gate diode characterization with temperature shown at initial and
walk-in. After walk-in the increase in reverse bias leakage current and shift in
forward bias behavior suggests degradation of the Schottky diode properties.

characterization was performed immediately after the applica-
tion of OFF-state stress for 1 h. The walk-in characterization
was performed after the device had reached the targeted
leakage current of 500 μA/mm. The characterization with
temperature data was collected from −40 °C to 80 °C in 20 °C
increments.

Two key observations are made from the diode characteri-
zation, between the initial characterization and after the onset
of walk-in, shown in Fig. 4. First, in the forward direction, the
shape of the diode curve has changed indicating a difference
in ideality factor and effective barrier height. Second, in the
reverse bias section of the curve, leakage current is shown
to have increased three orders of magnitude from the initial
values after walk-in.

To quantify the changes observed in the reverse diode char-
acteristics, an attempt was made to fit the reverse leakage cur-
rent to an established reverse Schottky diode leakage model.
The reverse diode leakage in this paper has a temperature
dependence that implies a trap assisted tunneling mechanism,
as shown in [15]. An attempt was made to fit the reverse
leakage data to the Poole–Frenkel model as presented in [15].
The data did not fit the model well but this is likely because
the model assumes uniform leakage along the entire gate
diode area. As will be shown in the optical analysis section,
the leakage current from the degraded devices is localized
within the gate periphery. Therefore, the leakage current at
the localized defects may still be attributed to trap assisted
tunneling mechanisms.
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Fig. 5. Ideality factor and Schottky barrier height from gate diode character-
ization with temperature versus the device degradation state. The dotted lines
are visual guides only.

To quantify the changes to the diode in the forward direc-
tion, both the ideality factor and the barrier height, were
extracted from the data at each stress and temperature point.
The ideality factor of the Schottky diode is given by the
following:

n = q

kT

∂VG

∂(ln IG )
. (1)

The barrier height of the Schottky diode was calculated
using the following:

φb = kT

q
∗ ln

AA∗T2

I0
. (2)

A plot of the effective ideality factor and barrier height
versus degradation stage is shown in Fig. 5. Since we propose
the gate leakage post stress is not uniform along the gate
periphery, these data are meant only to illustrate the average
characteristics of the gate diode at each stage of degradation.
In this figure, only the data from one device is shown, the
multiple points at each stage are from the seven temperature
points (−40 °C to 80 °C in 20 °C steps).

The data show minimal change to the diode properties
from initial state to the walk-out state. However, the diode
properties are significantly degraded from the walk-out stage
to the walk-in stage. At room temperature, the ideality of
the diode has degraded from 2.07 to 3.21 while the barrier
height has lowered from 0.892 to 0.424 eV. The variance
of the diode properties with temperature shows minimal
change with degradation. During the initial characterization,
the ideality of the diode varied by 0.14 and barrier height
by 0.07 eV over temperature. At the walk-in stage, the range
was 0.29 and 0.05 eV for both the ideality and barrier height,
respectively.

In this section, it was shown that the degradation of the
Schottky gate diode is responsible for the observed walk-in
phenomena. When the gate diode is reverse biased, the leakage
current increased and had a strong temperature dependence,
suggesting a trap assisted tunneling mechanism. The forward
bias properties of the diode were quantitatively shown to have
degraded when stressed to the walk-in state.

Fig. 6. EL mapping of a representative device in this paper with each column
corresponding to a stage of stress after which the device was characterized.
Each row corresponds to a different bias conditions.

IV. OPTICAL ANALYSIS

One of the challenges of time-dependent electric field degra-
dation studies of AlGaN/GaN HEMTs has been the difficulty
in capturing physical evidence. Unlike the inverse piezoelectric
effect, that manifests as a crack or pit in regions of high electric
field, studies involving time-dependent degradation have been
unable to reveal a clear macroscopic defect.

A. Electroluminescence

EL is one method utilized to identify an area of interest
along the periphery of a device. This is done by reverse biasing
the device and searching for light emission [near-infrared (IR)
and/or visible] along the gate finger, as shown in Fig. 6.
Several publications have reported localized EL emission
detected on devices stressed in the OFF-state and report a
correlation of real time increases in leakage current during
stress with the formation of local EL sites [8]– [10], [16], [17].
However, attempts to uncover physical evidence of crystallo-
graphic deformation at these emission sites had limited success
[11], [12], [14]. The only crystal defect mentioned is the
formation of surface pits described in [17]. It has been
proposed in [12] that a leakage path is formed via percolation
paths through the AlGaN barrier layer that are not physically
observable.

In this paper, all six devices were characterized by EL
in the walk-in state. Four of the devices were characterized
at both walk-out and walk-in. Finally, two of the devices
were characterized at all three stages of initial, walk-out, and
walk-in. The general behavior was consistent in all devices.
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Fig. 7. Zoomed-in view of the EL images of the same device in Fig. 6. It is
shown that the location that eventually becomes the dominant EL emission
site after walk-in is also present in the initial and walk-out images.

Fig. 6 shows the evolution of the EL across all three stages
from one of the representative devices.

The bias conditions in Fig. 6 are full OFF-state
(Vgs = −10 V and Vds = 80 V), subthreshold (Vgs = Vth − 1
V= −4.45 V and Vds = 80 V), and semi-ON (Ids = 480 μA
and Vds = 80 V). All of the EL emission appear on the drain-
side edge of the gate finger. Both the initial and walk-out EL
characterizations look similar. In the semi-ON bias conditions
EL may be observed, with varying degrees of intensity, along
the entire gate finger. In the subthreshold condition, much of
the light along the gate finger is extinguished but some EL
emission sites persist that may indicate local variations of
threshold voltage along the gate finger. After Vgs is biased
well below Vth, all localized EL emissions sites are very low
in intensity prior to walk-in.

In comparing the EL emission from initial and walk-out
to the walk-in, some changes are observable in the device.
Clear evidence of change is difficult to distinguish in the
semi-ON state but a very bright EL emission site is visible in
the subthreshold and deep pinch-off toward the center of the
right-side gate finger in Fig. 6. In the subthreshold condition,
the sparse EL emission is still present as was observed in
the previous stages but now a dominant EL site is clearly
present. The dominant EL site persists when the device is
biased completely OFF after walk-in was observed.

Study of EL over a range of device states of operation is
necessary to evaluate and understand localized emission along
the gate finger, because in this work what will eventually
become the dominant EL emission site is not observable
at all bias conditions prior to walk-in degradation. Instead,
other localized emission sites exist, that do not evolve into a
significant leakage current path with stress. It is not clear at
this time, the exact relationship between eventual degradation
with OFF-state stress and the presence of these sites. It is
worthwhile to note that localized emission does not necessarily
indicate that site is a stress induced damaged section of the
gate diode.

An effort is made in Fig. 7 to understand the evolution
of EL emission at the localized site within the gate periphery

Fig. 8. Top: EL image of a device that has been stressed to walk-in with a
localized emission site on the drain side of the top gate finger. Bottom: same
device with a localized IR hotspot at the same location.

that transforms into the dominant EL emission site after walk-
in. Figure 7 shows that EL emission is present at what will
eventually become the dominant EL emission site at both
the initial and walk-out characterization. This suggests that
localized EL sites observed prior to stress may indicate areas
of the gate finger that are more susceptible to degradation with
OFF-state stress.

Cross-sectional TEM images at the localized emission site
of a device stressed to walk-in and a control unstressed part
showed no clear evidence of a defect. The devices stressed
to walk-in did not have surface cracking or pitting at the
dominant EL emission site. Furthermore, material defects at
the emission site, such as threading dislocations were not
significantly different compared with the control site in both
density and location of material defects with respect to the
gate contact. No clear processing defects were evident in gate
contact formation.

B. Thermal IR

The intensity of EL is affected by the localized current, the
efficiency of emission of photons of a suitable energy to be
detectable of that local current (which can vary by orders of
magnitude), and the efficiency with which light can reach the
detector (peak emission is likely under the gate field plate).
Furthermore, because GaN and SiC are optically transparent
and can channel light to other locations, is it not obvious that
EL emission implies locally high leakage current.

To confirm the localized EL emission site was the actual site
of the increase in leakage current during walk-in, a thermal
IR measurement (λ = 2–5 μm) was made on the same
device. IR measurements of devices biased into the OFF-state
are challenging since power dissipation needed to achieve a
measurable signal is difficult to obtain. In the OFF-state, very
little current is conducted in the device, typically on the order
of 10 s of microamperes for a degraded device. In addition, the
max voltage of the device is limited by the breakdown that has
degraded during the walk-in process. To generate a measurable
IR result in this work, the test conditions were Vgs = −10 V,
Vds = 110 V, Pdiss = 3.84 mW, and Tbase = 41 °C.
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The observed thermal IR signature is shown at the bottom
of Fig. 8. Both the EL and IR emission sites are spatially
close enough to be considered the same location along the gate
finger. This observation was confirmed for two other devices in
this study.

V. CONCLUSION

The work presented in this paper provides a method of
stressing AlGaN/GaN HEMTs close to catastrophic break-
down while at the same time avoiding an EOS event. This
method allows for studying the effects of high electric field
applied to a device biased in the OFF-state. Utilizing this stress
method, several key observations were made that suggests this
technique is valuable for assessing the SOA in the OFF-state.
An analysis is presented of both electrical and optical signa-
tures in commercially available AlGaN/GaN HEMTs stressed
close to catastrophic breakdown, beyond the safe operating
conditions. The changes to the device observed during stress
consist of breakdown voltage walk-out and eventually walk-in
that is linked to an irrecoverable degradation mechanism. The
increased leakage current measured in the device after stress
is due to a dominant path from the drain to gate terminal of
the device, suggesting a degradation in the Schottky barrier
properties of the gate. Electrical and optical analysis supports
the hypothesis that leakage current is localized to specific sites
along the gate finger within the total gate periphery of the
device.

In the presented electrical analysis, we have demon-
strated evidence of Schottky diode degradation. First, it was
shown that the reverse leakage has a significant temperature
dependence and is consistent with trap-assisted tunneling
mechanisms reported in literature. Second, the forward diode
properties were quantitatively analyzed to show a reduction in
Schottky barrier height and ideality.

Optical analysis was performed on the AlGaN/GaN
HEMTs, prior to stress and after the walk-out and walk-in
conditions. First, it was discovered that localized emission
along the gate finger is present when biased above thresh-
old but this emission nearly vanished when the device was
biased well below the threshold voltage prior to degrada-
tion. After the observed degradation in the walk-in state,
a localized EL emission site was revealed in the OFF-state
that is consistent with [8]–[10], [16], and [17]. Second, to
the best of the author’s knowledge, this is the first time
it has been shown that a localized EL emission site was
present prior to stress, at the area of the gate finger that
would eventually evolve into the dominant EL site after
permanent degradation. This indicates that localized areas
along the gate finger may be more susceptible to degradation
as processed prior to stress. Third, for the first time, it was
confirmed that the localized EL emission observed in the
OFF-state after degradation corresponds to the region of the
gate finger that is the source of reverse leakage current via IR
imaging.

Cross-sectional images of the devices at the dominant EL
emission site did not produce any obvious defects when
compared with control cross sections on an unstressed device.

There was no evidence of surface cracking or pitting as
observed in literature attributing failure to the inverse piezo-
electric effect. No material or processing defects were obvious
in the cross-sectional images when comparing stressed devices
to each other and to a control unstressed device. The absence
of a physically observable defect suggests that the failure
mechanism is related to time-dependent dielectric breakdown
and formation of percolation paths as was suggested in [12].
In summary, these observations together with the method of
stress testing described in this paper, suggests a methodology
for identifying and understanding the failure mechanisms that
limit the SOA of GaN HEMTs.
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